Based on a bi-material micro-cantilever thermal deformation principle, an uncooled infrared focal plane array (FPA) with optical readout has been developed from a substrate-based structure to a substrate-free structure. Infrared imaging of the substrate-free FPA indicates that this structure does not satisfy temperature-constant substrate conditions when the FPA unit size decreases from 200 lm to 60 lm. To evaluate the performance of the FPA, this paper puts forward an analytical model of heat transfer in the substrate-free FPA, by using a holistic approach and an electrical circuit analogy. The analytical model provides a fast and convenient way to calculate the temperature gray response and the response time of the substrate-free FPA. A substrate-free FPA with a unit size of 50 lm was fabricated. Infrared imaging experiments validate the model and indicate a noise equivalent temperature difference value of 170 mK has been achieved. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
Uncooled infrared detectors operate on a simple principle: When heated by incoming infrared radiation, their temperature rises, and some temperature-sensitive mechanisms are utilized to measure this temperature change. The temperature variations are commonly inspected by either electrical or optical means. 1 An electrical readout obtains information from a readout integrated circuit (ROIC), which has been fabricated on a silicon substrate. In such a scenario, the thermal capacity and the thermal conductivity of the substrate dominate over that of the detection unit, hence the substrate is assumed to be at a constant temperature, and each detection unit remains independent of the others. In order to probe the infrared object, the optical readout on the other hand translates the change of a reflector inclination angle of the detection unit into an optical gray level change on a charge coupled device (CCD) plane. The temperature gray response, i.e., the gray level change in the image on the CCD due to the temperature variation of the infrared object, is defined as the detecting efficiency. By eliminating the need for an ROIC, the complexity and cost of optical readout focal plane array (FPA) fabrication are both greatly reduced when compared with the electrical readout approach.
Several groups have focused their research on uncooled infrared imaging devices with optical readout. [2] [3] [4] [5] [6] In the fabrication of such FPAs, they utilize sacrificial layer technology to process the bi-material sensors that are anchored onto the silicon substrate. The sensing unit is suspended over the substrate, typically at a distance of about 2 $ 3 lm. As in the electrical readout version, the substrate is considered to be temperature-constant, so that each unit is assumed to be independent. This is the basis for the temperature-constant substrate theoretical model, 2 and the temperature gray model response results are consistent with the measured response.
In the optical readout system, the infrared radiation must pass through the silicon substrate to reach the sensing unit, which results in 40% of the incident infrared energy being lost to reflections and absorption by the silicon substrate. 7 In addition, the 2 $ 3 lm gap between sensing unit and silicon substrate is likely to result in adhesion between the microcantilever legs and substrate; this can even cause failure of the whole structure due to the deformation of the microcantilever legs. To solve this problem, a substrate-free design of FPA was proposed and fabricated, which is comprised sensing elements and frames. 8, 9 And this structure was also realized by Oak Ridge National Laboratory. 10 Infrared imaging of a human body at room temperature was achieved in 2004 using this type of FPA with a unit size of 200 lm.
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Here, the supporting frame played the role of the substrate in the traditional FPA. The geometric extent of the supporting frame is similar to that of the sensing micro-cantilever legs, while such a design enormously decreases the thermal capacity and thermal conductivity of the unit. Therefore, the frame of the substrate-free FPA is temperature-variable, that is to say the temperature of the frame is raised when heated, which increases the temperature rise in the sensing unit. From such FPAs with unit sizes of 200 lm, 120 lm, and 60 lm, one obtains an experimental response with noise equivalent temperature difference (NETD) of 320 mK. [12] [13] [14] Using the temperature-constant substrate FPA theoretical model, the calculated temperature gray responses of the substrate-free FPAs with unit sizes of 200 lm, 120 lm, and 60 lm are compared with experimental results. The results show that the calculated responses match the experiments when unit sizes are 200 lm and 120 lm, but the calculated response is only one-tenth of the experimental results when the unit size is decreased to 60 lm. 15 Therefore, this theoretical model is no longer appropriate for substrate-free FPAs with small-scale sizes. Using numerical finite element analysis (FEA), 16 temperature gray response analysis of substratefree FPAs with unit sizes of 200 lm, 120 lm, and 60 lm a) E-mail: zhangqc@ustc.edu.cn; chteng@ustc.edu.cn.
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V C 2012 American Institute of Physics 112, 074502-1 agrees with the experimental results, and indicates that heat transfer crosstalk exists, and these units cannot be treated separately. FEA is convenient and accurate in predicting a response when the details of the geometrical design parameters are given. However, FEA hardly provides an effective proposal for the design of an FPA when a performance goal for a system, such as the temperature gray response, is stated. In view of the above, this paper presents an analytical model, based on an analogy with electrical circuits and a holistic approach, to analyze the performance of substrate-free FPAs, using metrics, such as the temperature gray response and the response time of the FPA. This analytical model is then validated by FEA results. A substrate-free FPA with a unit size of 50 lm was fabricated and subsequent imaging experiments demonstrate the usefulness of this analytical model.
II. THEORY
A. Optical readout uncooled infrared imaging Figure 1 (a) shows the principle layout of an optical readout uncooled infrared imaging system. 14, 17 The key component of the system is the substrate-free bi-material microcantilever FPA. The micro-cantilever array structure of a recently fabricated FPA with 50 lm unit size is shown in the inset of Figure 1 Table I . The folded micro-cantilever structure increases the efficiency of the thermally induced deformation of each unit significantly. 4 The infrared absorber is made of SiNx and Au membranes, and the infrared energy coming from a thermal object is absorbed by the SiNx membranes. The temperature of the Au-SiNx bi-material leg increases and the leg deforms due to the difference in thermal expansion coefficients, which then changes the inclination angle of the absorber. The other side of the FPA is illuminated by a parallel beam of visible light, and the Au of the absorber (now acting as reflector) reflects the beam back to a CCD detector. In this way, the optical readout detects the thermally induced deformations of the bi-material sensor array, and infrared thermal images are obtained on the CCD plane.
B. Analytical model of substrate-free FPA As shown in Figure 1 , the optical readout system translates the temperature change (DT s ) of the thermal object into an optical gray level change DI of an image on the CCD. The temperature gray response is expressed as follows:
where H is the heat conversion efficiency of the system, defined as the temperature rise DT c in the micro-cantilever leg due to the temperature rise DT s of the thermal object, S T is the thermo-mechanical efficiency of the system, defined as the inclination angle change Dh of the reflector due to the temperature rise DT c in the micro-cantilever leg, the optical First, we employ the theoretical model of a temperatureconstant substrate to predict and characterize the performance of the substrate-free FPA. In this model, the supporting frame in the substrate-free FPA is assumed to remain at a constant temperature, so that each unit is treated as independent of the others, and only one single unit structure needs to be considered. Because the FPA operates in vacuum, the thermal convection and conduction by air can be neglected. The heat flux from the absorber is due to conduction through the multifold supporting legs as well as radiation to the surroundings, both of which proceed in parallel. Their thermal resistances are, respectively, expressed as R leg and R rad
where n is the fold number of a FPA, L leg is the length of a leg (equal to the length of the reflector as shown in Figure  1 (b)), k SiNx , k Au , A sec;SiNx , A sec;Au, and e Au ,e SiNx are thermal conduction constants, cross sectional areas, and emissivity of SiNx and Au, respectively, r is the Stefan-Boltzmann constant (5.67 Â 10 À8 W m À2 K À4 ), A absorb is the unit absorption area, and T is the original temperature of the microcantilever unit (about 300 K). For one unit has two legs as shown in Figure 1 (b), there is a coefficient 1 2 in Eq. (2). The heat conversion efficiency H and the thermomechanical efficiency S T are expressed as follows:
where
, Dq is the heat flux density, G total is the total thermal conductivity, given by
, s is the transmissivity of the infrared optical system, F no (¼0.8) is the f/# of the infrared imaging lens, dP dT s is the fraction of the radiated energy emitted by the target source at temperature T s ($300 K) within the 8 $ 14 spectral band, so that
, the parameter a is the coefficient of thermal expansion, while t is the thickness of Au and SiNx, t 0 ¼
and where E is the elastic modulus.
The temperature gray response of a FPA with unit size of 200 lm is calculated by the temperature-constant theoretical model and is in accordance with the experimental one but the divergence between theory and experiment increases with decreasing unit scale.
14 When the unit size is 60 lm, the calculated response is one order of magnitude lower than the experimental one. 14 The reason is that the supporting frame of the substrate-free FPA is much thinner, as compared with a traditional substrate FPA. As a result, the thermal capacity and the thermal conductivity of the FPA is greatly decreased, the frame becomes temperature-variable, which in turns enhances the value of H and S T and thus significantly improves the FPA temperature gray response. Hence the substrate-free FPA no longer satisfies the assumptions of the temperature-constant model, and the theoretical model used to calculate the substrate-free FPA temperature response needs to be modified.
In an FPA with N Â N pitches, the central M Â MðM < NÞ units are assumed to be loaded by uniform thermal radiation (Figure 2) . A holistic approach makes it possible to treat the heated region of M Â M units as equivalent to a large analog unit. DT c is the equivalent absorber temperature rise of this analog unit, which is the average absorber temperature rise of the M Â M units. Similarly, DT f is the equivalent frame temperature rise of this unit, which is the average frame temperature rise of the M Â M units. Q absorb is the equivalent total absorber heat that is absorbed by the equivalent unit, which is the total heat absorbed by the M Â M units. Q leg is the equivalent total supporting leg heat absorption, which is the sum of the heat absorption in the microcantilever legs in the M Â M units. Q f rame is the equivalent total heat absorption by the frame, which is the sum of frame heat absorptions of the M Â M units. This holistic approach avoids the complex heat distribution analysis required by the mutual influence among substrate-free FPA units to calculate heat transfer and also takes the heat absorption and transmission through the frame into consideration. The model uses the boundary condition that the border frame and the environment have the same temperature.
In order to intuitively illustrate the thermal transmission process, a method based on an analogy with electrical circuits 18 is introduced, as shown in Figure 3 (a). With this method, parameters are given more intelligible physical significance and the speed of calculation is increased as well. Total heat absorptions are the equivalent of constant current sources in an electrical circuit model. The heat flux density is set as Dq, so that the infrared heat absorptions depend on the heated regions. The combined thermal resistances of all M 2 individual detectors in the M Â M analog unit are expressed as R Mabsorb;rad , R Mleg;rad , R Mleg, and R Mframe;rad . The variable R Mabsorb;rad describes the total radiation thermal resistance of the absorbers, the value of which is a parallel result of calculating the corresponding values of the M Â M unit. Similarly, R Mleg;rad is the total radiation thermal resistance of the micro-cantilever legs, R Mleg is the total conduction thermal resistance of the micro-cantilever legs, and R Mframe;rad is the total radiation thermal resistance of the frame. R Mf rame is the total thermal conduction resistance of the frame outside of the heated region. The total radiation thermal resistance of the frame outside of the heated region is ignored, because the thermal energy they radiated is limited as most of their temperature rises are small. The uniform thermal radiation load on a micro-cantilever leg and its thermal conduction process is simplified, using numerical integration, by modeling this process as a concentrated thermal load on the central point where the thermal current is conducted through half of the thermal resistance of the leg. The thermal radiation process can be similarly deduced. The principal benefit of the electrical circuit analogy is that a thermal transmission system can be entirely represented by an equivalent electrical network. Such a representation is easier to analyze and to compute the system's thermal transmission behavior. Once the electrical system is solved, the calculated electrical resistances and currents can be easily converted to their equivalent thermal conductivities and heat flows.
In the heated region of M Â M units, the temperature rise in the deformation leg and the absorber are about equal (93.3%) by FEA, 19 so that the potentials can be regarded as equal; with this assumption a more concise heat transfer circuit model is obtained (Figure 3(b) ). Here, Q Mef f is the total heat energy absorbed by the absorbers and micro-cantilever legs of M Â M units, R Meff ;rad ¼ R Mleg;rad ==R Mabsorb;rad . These values are calculated as follows:
In Eqs. (6)- (10), A absorb , A leg , and A f rame are the surface areas of absorber, micro-cantilever leg, and frame, respectively, while A ef f ¼ A absorb þ A leg . R Meff ;rad includes both the SiNx and Au surfaces of the absorption area, the SiNx surface and the alternate coating Au surface of the legs. For frames that have two sides to radiate heat, there is a coefficient 1 2 in Eq. (9) .
Thus far, the only unknown value is the total thermal resistance R Mf rame of the frame outside of the heated region, through which heat flows from heated region to external frame. We attempt to solve for it using two assumptions about the thermal conduction pattern of the FPA that are based on both experiment and numerical FEA: (1) Diagonals divide the region in question into four completely symmetrical triangle regions (A, B, C, and D in Figure 2 ) and are counted as adiabats. Heat absorbed by the FPA is transported identically in these sub-regions, so each sub-region inherits one-quarter of the total heat flux and each heat transfer process is independent of the others. (2) When the heat flux load is quadrate, temperature rise distribution of units is quadrate equipotential, except for a minute bias on the diagonals. In the FPA with N Â N units, the thermal resistance (r f rame ) of the frame from its center node O to the external frame is initially accounted for. Figure 4 depicts a typical FEA thermal analysis result for an FPA with a square 20 Â 20 unit heat load in center, as shown in Figure 2 , where the array size is 30 Â 30 units. This result shows that, in general, the temperature distribution of an FPA consists of square isothermal regions, from the node O to the external boundary, when the heat load is on a square area, and that slight deviations only appear on the diagonals. Figure 5 The thermal resistance (r) of a unit frame is given by
where L pixel is the length of a single unit and A sec;frame is the cross-sectional area of the frame. Since the number of units (h) from the node O to the border is related to N by h ¼ N 2 , the distance from the node O to a border is h Â L pixel . If a constant flow source is loaded onto the node O, the flow transmits in exactly the same way in four triangle regions due to symmetry. The thermal resistance from the node O to the border is simply the value from the four triangle parts combined in parallel. Hence, a sub-region that consists of one fourth of the FPA unit region ( Figure 5(b) ) is examined first. From the node O to the border, there are h þ 1 layers of equipotentials (including the center unit and units on the border). The thermal resistance (r 0 center ) of this sub-region can be calculated by the superposition of all the equipotential layers
In the actual FPA, the number h is generally large (h > 50), therefore Euler's formula can be used to approximate the r
The total resistance between the center node O and the entire border is given by the parallel combination of resistances of four triangle parts
When the heat loaded regions of N Â N units FPA consist of an array of central M Â M units, only one sub-region needs to be evaluated (from symmetry arguments, Figure 6 ). In the holistic approach, the thermal resistance of the frame is simplified and reduced to that from the equipotential edge of the heat loaded region to the border, which can be written as follows:
Considering the symmetry, the total thermal conduction resistance of the frame outside of the heated region is given by
The average temperature rise of the whole M Â M heat loaded region is calculated via the circuit diagram in Figure 3 Q
then
The average heat conversion efficiency is deduced by Eq. (4)
and the equivalent total thermal conductivity is
Considering the micro-cantilever unit with an n-order folded structure, the temperature rises of each folded structure is, respectively, DT c ,
, and DT f , 0 < i < n. When n ¼ 2, the temperature rises of the folded structure is shown in Figure 7 . The total thermo-mechanical efficiency is the superposition of each folded structure
is the ratio of the rise in temperatures of that in the frame (DT f ) to that in the reflector (DT c ), which approaches zero for a substrate FPA and one for substratefree FPAs.
Up to this point, the theoretical performance parameters of a substrate-free FPA have been derived. The theoretical temperature gray response of a substrate-free FPA can then be obtained based on the experimental optical readout responsivity DI Dh and the results of Eqs. (19) and (21). We have performed numerical FEA to validate the theoretical analytical model. In our FEA, 10 Â 10 units in the center of the FPA were loaded with a heat flux Dq with density of 10 W m
À2
. Therefore, the temperature change of the heat source is obtained from Eq. (4)
The finite element models were set up in accordance with the dimensions of three batches of FPAs, with unit sizes of 200 lm, 12 120 lm, 13 and the recently fabricated 50 lm. The parameters of the various FPAs and the calculated average rise in temperature in the heat-loaded region, are listed in Table II, for both the analytical model and the FEA. A 30 Â 30 array FPA is used as a calculation example after considering the trade-off between the amount of calculation and the attenuation in the transmission of heat flux. DT FEA is the average temperature rise in the heat-loaded region, given by the mean value of the FEA result for units in this region. It is then compared with the theoretical average temperature rise DT c as calculated by Eq. (19), and we find the disagreement is less than 5%. For the small FPA with unit size of 50 lm, the temperature distribution of the 30 Â 30 array is shown in Figure 8 . The average rise in temperature DT FEA is 0.64 K, while the highest temperature rise is found to be 0.73 K. For the analytical model, DT c is calculated to be 0.65 K, with an error of 1.5%. 
III. FABRICATION
To assess the validity of the model described above, a substrate-free FPA with unit size of 50 lm (shown in Figure  1(b) ) was fabricated. The fabrication process flow shown in Figure 9 (In order to see the process more clearly, a portion of the substrate is removed imaginarily) consisted typically of five main steps: (a) a 0.5 lm-thick SiNx film was deposited on a double side polished Si substrate by low-pressure chemical vapor deposition (LPCVD), (b) a reactive ion etching (RIE) method was used to remove unwanted SiNx under the protection of patterned photoresist on top side. And the shape of the micro-cantilever was defined. (c) 10 nm chromium adhesive layer and 0.2 lm gold layer were evaporated sequentially on top side after reflector and micro-cantilever legs were lithographed, (d) back side lithography was conducted to pattern etch window to form the region for releasing the sensor and (e) the Si substrate was removed in KOH solution.
IV. EXPERIMENT AND DISCUSSION

A. Temperature gray response
The recently fabricated substrate-free FPA with unit size of 50 lm was used for infrared imaging and a 12-bit CCD (70 dB) was placed in the imaging plane. The experimental results (in Figure 10(a) , see also supplemental video 21 ) are compared with those of the FPA with unit size of 200 lm (shown in Figure 10 (b) by Miao) 12 and the FPA with unit size of 120 lm, (in Figure 10 (c) by Dong) 13 ). Thermal images of hands in Figure 10 (a) display rich gray levels of a sleeve and details of a watch, and show that the gray level resolution and the spatial resolution of the infrared images by the FPA with unit size of 50 lm are superior to those produced by the FPAs with unit size of 200 lm and 120 lm. For the FPA with unit size of 50 lm, the experimental temperature gray response distribution of a region with 2500 image pixels is shown in Figure 10(a) . The average value, 46.0 gray/K, can be regarded as the system temperature gray response and the system noise is 8 gray (as measured by the experiment described in Ref. 14) . The NETD for the system is estimated to be about 170 mK.
The theoretical temperature gray responses of all the FPAs as calculated by the analytical model are compared with the experimental results in Table III (the loading areas are approximately equal and the experimental optical readout responsivity DI Dh of the FPA with unit size of 50 lm is measured to be 10 000 gray/deg).
The ratio C of temperature rise in the supporting frame to that of the reflector is mainly related to the size of the units and the supporting frames. As discussed in previous work, 15 a decrease in the unit size reduces the radiation heat conductivity of the reflector, so one would expect an increase in the value of C. In a similar fashion, the size of the supporting frame is also expected to affect the thermal behavior of the substrate-free FPA. In Table III , C can be seen to be lower relative to when the frame scale is large. For FPA with unit size of 200 lm, the cross-sectional area of its frame is 10 lm Â 2 lm, and heat is transmitted through the frame rapidly due to its high capacity and thermal conductivity. The temperature rise in the frame is only 64% of that in the reflector, thus, it approximately satisfies the temperature-constant substrate conditions. However, when the scale of the FPA unit decreases, the temperature of frame is raised and achieving even 98% of that of the reflector for the case of the FPA with unit size of 50 lm. This does not satisfy the temperature-constant substrate condition. When the unit size is small, most of the heat transmission occurs through conduction from the micro- cantilever leg to the frame, thus the increase in the frame temperature is notable. The temperature-constant substrate model is not appropriate for the substrate-free FPA when unit size decreases to 60 lm, 19 while for the substrate-free theoretical model, when unit size decreases from 200 lm to 50 lm, the disagreement between the experimental and the theoretical results is only 2.6%, 5.6%, and 5.4%. Hence, regardless of unit size, this model can be applied to substrate-free FPAs.
B. Response time of a substrate-free FPA
The response time s of a sensing system is defined as the time required for its transient output signal dropping to ð1 À 1 ffiffi 2 p Þ of the steady-state value. For an infrared thermal detector, in particular, it involves the ratio between the total heat capacity and the total heat conduction. 20 In the holistic approach, the total heat capacity of the heated region with M Â M units is where q; c; t are the density, specific heat capacity, and thickness of each material in the bi-material micro-cantilever, and t absorb;Au (¼0.05lm) is the thickness of the Au layer on the reflector, the heat absorbing area of each part is denoted by A. The total heat conduction is obtained from Eq. (20) , so the response time s M;stf of the substrate-free FPA is
in which, C M;total is approximately proportional to M 2 . G M;total is determined by R Meff ;rad , R Mleg , R Mframe;rad , and R Mf rame , the first three of which are proportional to M 2 . And R Mf rame is inversely proportional to M (M < N 2 ), which is a result of the factor ln 1 M . The larger of M , the less influence is exerted by R Mf rame on G M;total . Therefore, the response time s M;stf will tend toward a constant value. The curves in Figure  11 illustrate how G M;total , C M;total , and s M;stf change with the value of M in the FPA with unit size of 50lm. G M;total and C M;total have similar variation tendencies, and when M > 50, the response time is approximately 0.14 s.
In order to verify the theoretical response time, the infrared imaging experiment was carried out using the FPA with unit size of 50 lm, in which a blackbody at a temperature of 343 K was imaged. On each recorded CCD image, the mean gray level of a selected region that included 10 Â 10 pixels was used to denote the imaging gray level of the FPA at a particular time. Subsequently, a room temperature (293 K) baffle was inserted between the blackbody and the detector, which has the effect of decreasing the gray level of the image. The relationship between the imaging gray level and time is evaluated and shown in Figure 12 , where the insets depict corresponding images of the selected region. The gray level continuously decreases from 2950 to 280 grays in the time interval between 0 and 0.6 s. According to the definition of response time, the time that the gray level decreases to ð1 À 1 ffiffi 2 p Þ of its original value is the experimental response time of the FPA and it was found to be 0.23 s.
V. CONCLUSION
This paper establishes an analytical theoretical model of the substrate-free FPA temperature gray response and response time, using the holistic approach. Then, a performance analysis of the substrate-free FPA is presented. A substrate-free FPA with unit size of 50 lm was fabricated, its infrared imaging experiment results validate the analytical model and show that the temperature gray resolution and the spatial resolution of infrared images have been improved significantly compared with larger sized units. This model can not only design and optimize size parameters of a FPA unit to meet a stated response of an FPA, i.e., it can provide a theoretical proposal for a particular FPA design but also decreases the amount of calculation compared with the FEA . FIG. 12 . The relationship between imaging gray levels of FPA and the time after a baffle is inserted between the blackbody and the detector. The insets are corresponding images of a selected region.
